I. Introduction
Orthogonal-cores are nonlinear magnetic devices which utilize saturation phenomena of K. Tajima [1] [2] [3] .
It has been reported that when analyzing the operation of such devices, if the analysis is based on the orthogonal-core characteristics, accurate computation of the device characteristics is possible and core magnetization characteristic can be measured by a comparatively simple pro¬ cedure [4] . On the other hand, when designing such devices and systems, the relation of the orthogonal-core magnetization characteristic to the core dimensions and material must be known in advance. Because the flux distribution in such cores is three dimensional and quite complex, prediction of the magnetization characteristic is by no means an easy matter. We previously reported that by using a magnetic circuit model which focuses on the saturation at the joints in orthogonal cores, qualitative determination of the magnetization characteristic of an orthogonalcore is possible [5] . In such an orthogonal-core, the flux density is highest at the core joints; and so the basic core operation can be explained by a magnetic circuit model which addresses the magnetic saturation in the core joints [6] . Fig. 2 shows a magnetic circuit model of an orthogonal core. In the figure, Rs is the nonlinear magnetic reluctance, which (^a nd ag are constants), then the relation between the number of primary and secondary side ampere-turns of the core to the core flux can be obtained using the model as follows.
From eqs. (2) and (3), we see that the magnetization characteristic as seen from the pri¬ mary side varies with the secondary side flux; and similarly, the magnetization characteristic as seen from the secondary side changes with the primary side flux. Fig. 3 shows the changes in the core secondary side magnetization characteristic when the primary side flux is varied [4] . The sol¬ id lines in the figure denote measured values, and the broken lines are values calculated using eq.
Fig. 4 Pardoning of the orthogonal-core. (3) . From (1) The cut cores were assumed to be Ushaped. (2) Gaps in the core joints were ignored. As indicated in Fig. 5(a) , the magnetic circuits associated with each of the rectangular parallelepipeds has a three-dimensional structure. We assumed the magnetic reluctance characteris¬ tics to be given by the magnetic circuit length, L, and cross-sectional area, S, derived from the dimensions of the rectangular parallelepiped as in Fig. 5(b Since the oriented silicon steel sheet used in experiments and assumed in the analysis has different magnetic properties in the easy-axis direction, the hard-axis direction, and, in the direction of lamination, in calculations we made the following assumptions: (1) In consideration of the fact that orthogonal-cores operate in a range of extremely deep saturation, the difference between the magnetic characteristics in the hard-axis direction and those in the easy-axis direction was assumed to be negligible. (2) Because the magnetic circuit in the lami¬ nation direction is directly connected with the magnetic circuit in free space outside the core, the magnetic reluctance in the lamination direc¬ tion is connected in series with the reluctance of vacuum. As the reluctance in the lamination direction is very small compared with that of vacuum, it is ignored. Fig. 6 shows measured values of oriented silicon steel sheet in the easy axis direction. The solid line in the figure is an approximation obtained by using the following formula for jll.
fi(-----B/H)^-l/(ai f-a19#18) (4) Here ax and oc19 are coefficients, with values a1=2.451xl02 A/ml/T, and a19=5.237xl0"2 A/m(lAV9.
In this way, by arranging the magnetic reluc¬ tances a magnetic circuit model of the orthogonal-core can be obtained. Fig. 7 shows a magnetic circuit model of a single cut core, with the region outside the core omitted. In the figure, Rs is the magnetic reluctance of the corepoint, and the dashed lines indicate the leakage reluc¬ tances. By using the magnetic circuit to derive a number of closed circuit equations and solving them simultaneously, the magnetization charac¬ teristic of the orthogonal core can be calculated. The general-purpose circuit simulator SPICE was used in calculations.
IV. Calculation Results
In order to verify the validity of the proce¬ dure here proposed, we calculated the magnetiza- tion characteristics using the above-described method for orthogonal cores of various dimen¬ sions, and compared the results with measure¬ ments. Fig. 8(a) we can see that calculations are in good agreement with measurements. Fig. 8(b) [7] , it is expected to prove useful in the design of devices employing orthogonal-cores.
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